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Abstract: The interplay of shaped signaling and fiber nonlinearities is reviewed in the
asymptotic and finite-length regime. We present explanations and discuss implications of
an optimum shaping length of just a few hundred symbols. © 2020 The Author(s)
1. Introduction
Probabilistic constellation shaping (PCS) is a technique that offers a shaping gain of up to 1.53 dB signal-to-noise
ratio (SNR) for the linear additive white Gaussian noise (AWGN) channel [1]. In fiber-optic communications, the
first use of PCS, to the best of our knowledge, was to reduce the peak-to-average power in OFDM systems via
Trellis shaping [2]. The first papers to employ PCS to achieve a shaping gain were published in 2012 [3, 4]. PCS
has attracted wide interest since the proposal of probabilistic amplitude shaping (PAS) framework in 2014/15 [5].
The first demonstrations were published the same year [6–8]. Since then, countless papers have been written on
PCS, and it has been implemented in commercial high-performance digital signal processors (DSPs).
2. Fundamentals of PCS
The success story of PCS has several reasons. The underlying PAS architecture enables a low-complexity inte-
gration of PCS into existing coded modulation schemes with off-the-shelf binary forward error correction (FEC).
Furthermore, a shaping gain of approx. 1 dB for high-order quadrature amplitude modulation (QAM) formats can
be a significant benefit for optimized fiber-optic communication systems. Another important feature of PCS is
rate adaptivity, which means that the throughput can be varied by changing the shaping distribution while keeping
QAM order and FEC overhead fixed. This allows to dynamically and efficiently utilize the available spectrum.
The processing block that enables PAS is the distribution matcher (DM), which transforms a block of k uni-
formly distributed input bits into a sequence of n shaped amplitudes of the desired distribution. The initially
proposed constant-composition distribution matcher (CCDM) [9] is asymptotically optimal, yet its finite-length
rate loss has been shown to be suboptimal [10], which is why long CCDM blocks would be beneficial. All CCDM
algorithms available in the literature are, however, sequential [11]. Obviously, the combination of long blocks and
sequential algorithms is challenging for real-time implementation. Research effort was put into finding algorithms
that had the lowest rate loss at a fixed block length n or offered some implementation benefit.
3. Nonlinear Interference for PCS
For the nonlinear fiber channel, PCS has been examined in theory, simulations, and experiments [12–15]. A de-
crease in effective SNR after DSP compared to uniform signaling is observed due to the increased kurtosis of
the shaped constellation, yet this only marginally reduces the shaping gain that could be achieved over a linear
channel [12]. Most studies of the impact of PCS on NLI do not focus on the above mentioned finite-length aspects
and thus use a simplified PAS setup. A common PAS emulation technique is to simply draw the QAM symbols
according to the desired distribution without considering DM implementation aspects at all. A slightly more re-
alistic approach is to consider very long CCDM sequences of several thousand or tens of thousands amplitudes,
neglecting whether such long blocks are implementable in practice.
In the first paper to report on the finite-length behavior of PCS with a CCDM [14], a block-length dependence of
SNR was found in simulations, which was later confirmed in experiments [15]. The SNR is inversely proportional
to n, i.e., short blocks mitigate NLI and thus give higher SNR than long blocks. Taking into account the finite-
length rate loss, the achievable information rate (AIR) AIRn for length-n DMs [10] is maximized at a finite n.
This is in stark contrast to a linear channel where SNR is independent of n and AIR increases with n because
longer blocks generally lead to lower rate loss. For multi-span WDM fiber simulations [16], Fig. 1 shows an SNR
decrease by 0.8 dB between n = 10 and n = 5000 as well as an AIR optimum at approximately 500 symbols.
When NLI is turned off in the simulations, the SNR becomes independent of n and AIRn is increasing with n.
The NLI mitigation at short block lengths can be explained as follows for CCDM sequences [17]. We keep
the amplitude distribution fixed such that a concatenation of CCDM blocks of varying n always has the same
average distribution. The only difference is in how many sub-blocks (having constant composition) the compound
sequence consists of. The reason for the NLI mitigation must thus lie in temporal properties that are introduced by
short-length PCS but are not necessarily present for long blocks. An illustrative explanation is presented in Fig. 2
for the distribution [0.4,0.3,0.2,0.1] of four shaped amplitudes [α,β ,γ,δ ]. The compound sequence comprising
30 amplitudes is either generated by concatenating three blocks pf length n = 10 each or from a single CCDM
with n = 30. For n = 10, each of the three blocks must, for example, contain the symbol δ once, which imposes
a certain temporal structure in the overall compound sequence that is not present for n = 30. As shown in Fig. 2
for n = 30, the second and third δ are intra-block neighbors, which is not possible for n = 10. We conclude that
short-length CCDM introduces a temporal structure that limits the clustering of identical symbols, which in turn
leads to NLI mitigation.
4. Implications and Open Questions
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Fig. 1: Effective SNR after DSP (left) and AIRn (right) vs. n for shaped
64QAM. A regular nonlinear fiber setup (solid red) and a linearized fiber with-
out NLI (dashed blue) are considered. The SNR for uniform 64QAM is shown
as reference.
With such a NLI mitigation,
the “longer is better” paradigm
of PCS is apparently not true
for the nonlinear fiber channel.
This is particularly beneficial
for hardware implementation as
power consumption and latency
requirements can become less
stringent. The AIR, however, is
relatively insensitive to using
too long blocks (see Fig. 1), so
the performance loss compared
to the optimum is small when
using too large block lengths.
As it is the temporal structure that leads to NLI mitigation, any DSP block that modifies the transmit sequence
can significantly reduce this benefit, and interleaving is such an operation. In a modern DSP architecture such as in
400ZR [18], two interleaving stages exist. A bit interleaver is placed between the inner and outer FEC to break up
any error bursts from unsuccessfully decoding an inner FEC codeword.Additionally, a symbol interleaver is placed
after QAMmapping to achieve polarization and phase diversity, which means that a FEC word is spread over both
polarizations and also over time such that it experiences different amounts of phase noise. The shuffling of the bit
interleaver can be undone by de-interleaving after the inner FEC encoding and re-applying the interleaving before
the inner FEC decoding [16]. This ensures that burst errors of an inner codeword are still spread over several
outer FEC blocks, yet the temporal structure required for NLI mitigation remains intact. While this is in principle
feasible, it remains unclear how practical such an approach is and whether it has any other drawback. Regarding
symbol interleaving, there is no straightforward way of keeping the diversity due to scrambling while achieving
the NLI mitigation by short PCS. Thus, it remains an open question whether NLI mitigation or polarization and
phase diversity have a higher overall impact on the system performance.
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Fig. 2: Concatenation of three CCDM blocks of length n = 10 each (top) in comparison to a single CCDM block
of length n = 30 (bottom). Both cases give the same average distribution, but their temporal properties differ.
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